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ABSTRACT

A search is presented for anomalous production of events containing multiple low-energy
leptons produced in association with a W or Z boson using the Collider Detector at Fermilab.
The leptons are not required to be isolated, and the signature is therefore sensitive to a wide
range of so-called “lepton jet” topologies. The search uses data corresponding to 5.1 fb~1
of integrated luminosity from pp collisions at a center-of-mass energy of /s = 1.96 TeV.
The observed events are compared with the standard model predictions in bins of additional
electron and muon multiplicity. No indications are found of phenomena beyond the standard
model. A 95% confidence level limit is presented on the production cross section for an
example benchmark point of a dark-matter inspired model of supersymmetric hidden valley
Higgs production. Object identification efficiencies are also provided in order to enable the

calculation of limits on additional models.
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CHAPTER 1
INTRODUCTION

The standard model (SM) of particle physics [1] has been very successful in predicting
observations made at high-energy particle colliders. However, it is known to be incomplete.
There must be new physics beyond the reach of the current generation of experiments, and
there are a plethora of theories predicting what that new physics might be.

Testing all of these models individually would be impossible, due to the number of models
and the number of free parameters in each model. Therefore, “signature-based” searches are
performed: a signature is chosen that is common to many new models, but has a low rate
of background production in the SM. A search for this signature can both act as a precision
test of the SM (by looking for disagreement with the low predicted background) and check
for hints of many different possible theories of new physics.

The signature of multiple leptons is common in many models of physics beyond the
SM with light mass scales and couplings to the electroweak sector, such as the Next-to-
Minimal Supersymmetric Model [2], little Higgs models [3], and R-parity violating MSSM
models [4]. Some of these new physics scenarios propose explanations for the nature of dark
matter [5] as well as the existence of other, yet-undiscovered particles in long decay chains. In
addition to predicting large numbers of leptons, these models also often predict that clusters
of leptons are produced spatially close to each other. These clusters are often referred to in
the literature as “lepton jets” [6]. Due to the unique characteristics of these models, they
could have evaded previous searches for an excess of leptons, such as diboson searches [7] and
SUSY-inspired multi-lepton searches [8]. The high multiplicity of leptons can lead to low
lepton momenta, well below the usual cutoff of 10-20 GeV. Additionally, collimated lepton
jets will fail the standard requirement that leptons be isolated in the detector.

One of the recent promising proposals involves the phenomenology of light supersymmet-
ric hidden sectors [9] where the lightest visible superpartner, the equivalent of the LSP in

the MSSM, is allowed to cascade into a hidden sector. The existence of such sectors has been
1



further motivated by recent observed astrophysical anomalies [10] which may be signatures
of dark matter annihilation [5] or decays into a light hidden sector [6].
As an example, Figure 1.1 shows a typical decay chain in a model in which the Higgs

decays to a light hidden sector resulting in events with a high multiplicity of leptons [11].

Figure 1.1: A diagram of a Higgs decay to a pair of lightest supersymmetric neutralinos
(N1) which then cascade through a dark sector to a lightest dark sector particle (74 and a
number of dark photons (74). The dark photons then decay back into the SM in the form
of leptons. This model is adapted from Ref. [11].

This thesis presents a signature-based search for anomalous production of multiple leptons
in association with W and Z bosons. Previous searches for lepton jets at the Tevatron [12]
and at the LHC [13] have focused on searching for clusters of leptons, sometimes with very
specific requirements on the size of the clusters. These searches have resulted in no evidence
for lepton jets. A more general search, sensitive to a wide range of scenarios that predict
multiple leptons, is performed here.

The data used here correspond to 5.1 fb~! of integrated luminosity at a center-of-mass
energy of /s = 1.96 TeV collected using the CDF detector at Fermilab between December
2004 and January 2010. Within the events containing leptonically decaying W and Z bosons,
a search is performed for additional ‘soft’ leptons with no isolation requirements and with

momentum greater than 3 GeV for muons and 2 GeV for electrons [14].
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CHAPTER 2
ANALYSIS STRATEGY

The baseline data sets for this analysis consist of leptonically decaying W and Z boson
events selected with high-pp leptons [26]. The selection of these events is described in
Chapter 4. The kinematic distributions are used to validate the W and Z boson selections.
A check of the ratio of cross-sections o(W)/o(Z) is also used to validate the trigger efficiency
and the lepton reconstruction efficiency. This ratio R of W to Z production is predicted to
NNLO with a precision of a few percent [27], providing a very precise test of these efficiencies.

After the W or Z boson reconstruction, additional low-pp electrons and muons are iden-
tified in the events with no isolation requirements. Purely data-driven techniques are used
to develop the soft lepton identification algorithms. The selection of soft leptons is more
fully described in Chapter 7.

The numbers of additional electrons and muons are counted in the inclusive W and Z
data sets. The SM predicts very few W and Z boson events with multiple additional leptons,
and so this is the analysis search region. We search for anomalous production of additional
electrons and muons in association with W and Z bosons by comparing the observed events
to the SM expectations in bins of additional lepton multiplicity. A limit is set on an example
benchmark model based on the count of events with more than one additional lepton, and a
table of efficiencies is provided to facilitate setting limits on other models. These results are

described in Chapter 9.



CHAPTER 3
THE CDF 11 DETECTOR

The CDF II detector is a cylindrically-symmetric spectrometer designed to study pp
collisions at the Fermilab Tevatron. The detector has been extensively described in detail
elsewhere in the literature [15]. An elevation view of the detector is shown in Figure 3.1
Here the detector subsystems relevant for this analysis are described.

Tracking systems are used to measure the momenta of charged particles, to reconstruct
primary and secondary vertices, and to trigger on and identify leptons with large transverse
momentum [16]. Silicon strip detectors [17] and the central outer tracker (COT) [18] are
contained in a superconducting solenoid that generates a magnetic field of 1.4 T. The sil-
icon strip system provides up to 8 measurements in the r — ¢ and r — z views and helps
to reconstruct tracks in the region |n| < 2 [16]. The COT is an open-cell drift chamber
that makes up to 96 measurements along the track of each charged particle in the region
In| < 1. Sense wires are arranged in 8 alternating axial and +2° stereo super-layers. The
resolution in pr, opy/pr, is = 0.0015 pp/GeV for tracks with only COT measurements, and
~ 0.0007 pp/GeV for tracks with both the silicon and COT measurements.

Calorimeters are segmented with towers arranged in a projective geometry. Each tower
consists of an electromagnetic and a hadronic compartment [19, 20, 21]. The central electro-
magnetic calorimeter (CEM) and central hadronic calorimeter (CHA) cover the central region
(Inl < 1.1), while the plug electromagnetic calorimeter (PEM) and plug hadronic calorimeter
(PHA) cover the ‘end plug’ region (1.1 < |n| < 3.6). In this analysis, a high-E7 electron is
required to be identified in the central region, where the CEM has a segmentation of 15 in [0)
and ~ 0.1 in 7 [15], and an E7 resolution of o(E7)/Ep ~ 13.5%/+/E1/GeV ®2% [19]. Two
additional systems in the central region with finer spatial resolution are used for electron
identification in this analysis. The central strip system (CES) uses a multi-wire proportional
chamber to make profile measurements of electromagnetic showers at a depth of 6 radiation

lengths (approximately shower maximum) [19]. The central preshower detector (CPR) is
4



located just outside the solenoid coil on the front face of the CEM. In 2004 the CPR was
upgraded from the Run I configuration of wire proportional chambers, similar to those used
in the CES, to a fast scintillator system [21]. This analysis only uses data collected after the
CPR upgrade.

Muons are identified using the central muon systems [22]: CMU and CMP for the pseudo-
rapidity region of || < 0.6, and CMX for the pseudo-rapidity region of 0.6 < |n| < 1.0. The
CMU system uses four layers of planar drift chambers to detect muons with pp > 1.4 GeV.
The CMP system consists of an additional four layers of planar drift chambers located behind
0.6 m of steel outside the magnetic return yoke, and detects muons with pp > 2.2 GeV. The
CMX system detects muons with pp > 1.4 GeV with four to eight layers of drift chambers,
depending on the direction of the muon.

The luminosity is measured using two sets of gas Cerenkov counters [23], located in the
region 3.7 < |n| < 4.7. The total uncertainty on the luminosity is estimated to be 5.9%,
where 4.4% comes from the acceptance and operation of the luminosity monitor and 4.0%
from the calculation of the inelastic pp cross-section [24].

A three-level online event selection (trigger) system [25] selects events to be recorded
for further analysis. The first two trigger levels consist of dedicated fast digital electronics
analyzing a subset of the full detector data. The third level, applied to the full data of those
events passing the first two levels, consists of a farm of computers that reconstruct the data

and apply selection criteria consistent with the subsequent offline event processing.
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CHAPTER 4
W AND Z BOSON SAMPLE SELECTION

Events for this analysis are selected with three different triggers [25]. Around half the
events are selected with a trigger requiring a high-pp central electron in the CEM (Ep > 18
GeV, |n| < 1.0). In addition, two muon triggers, one requiring hits in both the CMP and
CMU and the other requiring hits in the CMX, collect events with central muons (pp > 18
GeV, |n| < 1.0). These datasets are described more fully in Appendix A.

Further selection criteria are imposed on triggered events offline. The standard CDF
selections [26] are used to identify hard (> 20 GeV) electrons and muons, with the additional
requirement that hard muons have silicon hits. Two categories of hard leptons are considered:
‘tight” leptons, which are described in Tables 4.1 and 4.2, are required as the trigger leg of
the W and Z. A less stringent category of ‘loose’ leptons, described in Tables 4.2 and 4.3,
are required for the non-trigger leg of Z reconstruction.

In order to reduce the electron background from photon conversions, the electron(s) from
the W or Z boson decay are required to pass a conversion filter. If there is an electron
candidate that has opposite charge, A cot < 0.04 and |0| < 0.2, then the electron is called
a conversion. (See Fig. 7.1 for an explanation and illustration of these variables.) However,
the electron candidate is kept if its partner conversion track also has another partner track,
since the three tracks are assumed to originate from an electron which radiates a photon
which subsequently converts.

In order to reduce the background from mesons decaying to muons within the tracking
chamber, the muon(s) from the W or Z boson decay must pass a decay-in-flight (DIF)
removal algorithm. A track left by a pion or a kaon that decayed to a muon within the
detector will leave real hits in the muon detectors, but the track in the tracking chamber
will have a noticeable ‘kink’ in it where the decay occurred. The DIF algorithm removes
these tracks by requiring the y2 per degree of freedom of the track fit to be less than 3 and

the impact parameter of the track to be less than 0.02 cm. Additionally, for tracks with
7



Tight Central Electron Selections
Detector < 1.1
Track must be fiducial to CES
Er > 20 GeV
Egap/Egy < 0.055 4+ 0.00045 x E
Iso(R=0.4)/Er <0.1
Y% > 10 GeV
> 3 COT axial segments with > 5 hits
> 2 COT stereo segments with > 5 hits
z(t)raCk < 60 cm
E/p <2 unless pp > 50 GeV
X¢ps < 10
—30cm <Q xAXgpg < 1.5 cm
|AZCES‘ < 3 cm
Ly < 0.2
Conversion Removal

Table 4.1: Selections to identify tight central electrons

pr > 300 GeV, it requires Nipgnsitions > 30, where Niransitions 1S the number of times the
pattern of track hits crosses the fitted track [28]. Muons consistent with cosmic rays are

vetoed [29].

4.1 W Selection

The W boson selection requires a tight trigger lepton (defined above) with E1 > 20 GeV,
Er > 25 GeV, and transverse mass of lepton+ Fp > 20 GeV. In order to remove events where
the Ep arises from a mismeasured lepton, the difference in ¢ between the highest-energy
lepton and the Fp is required to be greater than 0.5 radians. The predicted and observed

numbers of W boson events selected from each trigger are summarized in Table 4.4.

4.2 7 Selection

The Z boson selection requires two opposite-sign leptons: either two electrons or two

muons. In addition, the invariant mass of the two leptons must be between 76 GeV and 106

GeV.



Muon Selections
Track must be fiducial to CMU, CMP, or CMX
Epy <2 GeV
EHAD S 6 GeV
Egy+ Egap > 0.1 GeV for CMIO muons
Iso(R=0.4)/Er <0.1
> 3 COT axial segments with > 5 hits
> 2 COT stereo segments with > 5 hits
> 1 Si hit
z(t)raCk < 60 cm
if pr > 300 GeV, ngransitions = 30
dp < 0.02 cm
AXoyr <3 cm
AXoyp <5 cm
AXoyx <6 cm

Loose Muon Selections
pr > 10 GeV
Tight Muon Selections
Muon must be of type CMUP or CMX
Y% > 20 GeV

Table 4.2: Selections to identify muons.

Loose Central Electron Selections
Detector < 1.1
Track must be fiducial to CES
ET 2 12 GeV
Egap/Egy < 0.055 4+ 0.00045 x E
Iso(R=0.4)/Er <0.1
pr Z 6 GeV
> 3 COT axial segments with > 5 hits
> 2 COT stereo segments with > 5 hits
z(t)raCk < 60 cm
E/p <2 unless pp > 50 GeV
X¢ps < 10
—30cm <Q xAXgpg < 1.5 cm
|AZCES‘ < 3 cm
Ly < 0.2

Table 4.3: Selections to identify loose central electrons



Predictions are made in two dielectron categories: One electron from the Z must be tight
(Table 4.1), and the other may be tight or loose (Table 4.3). The predicted and observed
numbers of events in both of these categories are summarized separately in Table 4.4.

Predictions are also made in ten dimuon categories: One muon must be tight, and there-
fore either a CMUP or a CMX muon. The other muon may be loose, and therefore may
have any of the CMU, CMP, CMUP, CMX, or CMIO types. The predicted and observed

numbers of events in all of these categories are summarized in Table 4.4.

Selection Expected Observed
Wie, Br) 2571230 2548108
W(uoymops Br) 1289610 1279001
W(ucnrx, Br) 904569 895257
Z(e, e) 156894 160251
Z(e, €pose) 25506 28896
Z(pcmuPs BOMU) 8008 8391
Z(pemups BCMP) 9736 10433
Z(ncmup, komup) | 39620 36632
Z(pomup, FOMX) 12893 13547
Z(ncymup, HeMIO) 9303 8489
Z(pomx, hoMU) 5860 6024
Z(pemxs BoMP) 6762 6863
Z(,uCMX ,uCMUp) 14162 14467
Z(pomx, LX) 17245 17906
Z(ncrx, HeMIo) 5852 5967

Table 4.4: Event counts in W and Z boson samples, split up by categories of the leading
and subleading leptons.
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CHAPTER 5
QCD BACKGROUND ESTIMATION TECHNIQUE

The W boson is identified by the presence of a high energy lepton and missing transverse
energy. Events containing jets may emulate this signature; a dijet event, for example, may
have large K arising from the energy mismeasurement of one jet while the other jet in the
event can mimic an electron by leaving a track in the COT associated with an electromagnetic
energy deposit. The contribution from these QCD processes is estimated by using a data-
derived model for these kinds of events [30]. This is accomplished by defining an object that
is similar to an electrons, but has a much larger rate of contamination from jets, labeled an

“anti-selected electron”.

5.1 Anti-Selected Electron Definition

Following the technique described in Ref.[30], the standard CDF high-pp electron identi-
fication selections are modified to select objects that are mostly fake electrons. The selections
are divided into two categories, as shown in Table 5.1. The selections that affect the kine-
matics of the event are labeled “Kinematic Selections,” while those designed to discriminate
electrons from misidentified jets are labeled “Identification Selections.” The anti-selected
electron sample is defined by requiring that prospective objects pass all kinematic selections
while simultaneously failing at least two of the identification selections. This sample has
similar kinematics to the high-pp electron sample but has many fewer real electrons present

in it.

5.2 Fits to the Missing Transverse Energy Distribution

The number of events that arise from QCD is obtained by fitting the K distribution of
the data using two templates: an electroweak template obtained from W+ jets, Z+ jets and

diboson Monte Carlo, and a QCD template obtained from the anti-selected electron sample.
11



Kinematic Selections
NMDetector < 1.1 (central)
Track must be fiducial to CES
Er > 20 GeV
pPT > 10 GeV
z(t)raCk < 60 cm
E/p <2 unless pp > 50 GeV
Iso(R=0.4)/Ep <0.1
Conversion Removal
Identification Selections
Egap/EFeym < 0.0554 0.00045 x E
Xeps <10
L, <0.2
—3.0<Q xAXcgpsg < 1.5 cm
|AZCES| < 3 cm

Table 5.1: Central tight electron identification selections [26] divided into two categories:
those that shape the kinematics of the event, referred to as “kinematic”, and those that
discriminate between electrons and misidentified jets, referred to as “identification”.

The QCD template is obtained from the anti-selected electron sample after subtracting the
expected W boson contamination using the Monte Carlo. This fit is performed using the
sample without the Fp selection, in order to get an accurate estimate of the number of
QCD events, most of which fail this selection. After the fit is performed across the K
distribution, the number of QCD events in the W boson signal region is calculated by
applying the selection of 7 > 25 GeV. The Monte Carlo electroweak contribution and the
data-derived QCD template are scaled to the result obtained from this Fp fit. Figure 5.1
shows the fits to the electron dataset and to both muon-triggered datasets. A systematic

uncertainty of 26% is applied to the QCD normalization, as found in [30].

12
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Figure 5.1: The fits to the Fp distribution of events with mp > 20 GeV and A¢(Fr, 1)

0.5, in each of the three trigger lepton categories. The “electroweak” template is obtained
from Monte Carlo and the “QCD” template is obtained from the anti-selected electron data
sample. The systematic uncertainty of 26% found in [30] is shown.
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CHAPTER 6
W AND Z SAMPLE VALIDATION

The W and Z boson samples are validated against a large sample of SM Monte Carlo
events. The main SM backgrounds in this analysis are from W + jets, Drell-Yan, QCD
multijet, top quark, and diboson production processes. The matrix element portion of the
electroweak background events has been modeled using the ALPGEN [31] Monte Carlo (MC)
program, except for the top production and diboson production backgrounds, which were
modeled by PYTHIA [32]. PYTHIA was used to model the parton showering in all samples.
These MC events are analyzed using a GEANT based detector simulation, CDFSim [33].
All of the MC datasets include the relevant K-factors in their normalization. In order to
improve the statistics for the heavy flavor background, specialized MC datasets are used to
model the W and Z boson plus heavy-flavor jet processes. Heavy flavor events are removed
from the more general samples in order to avoid double counting these heavy flavor events.

The MC datasets are described in Appendix B.

6.1 1V Boson Sample Validation

6.1.1 W — ev events

In the electron-triggered W boson sample, 2,571,230 events are predicted versus the
observed 2,548,108 events. Table 6.1 summarizes the predicted numbers of events, and

Figure 6.1 shows the validation distributions of kinematic variables in the W — er sample.

6.1.2 W — uv events

In CMUP-triggered events, 1,289,610 W — uv events are expected versus the observed
1,279,011 events, while in CMX-triggered events, 904,569 are expected and 895,257 are
observed. Tables 6.2 and 6.3 summarize the predicted numbers of events, and Figures 6.2

and 6.3 show the validation distributions of kinematic variables in the W — pv sample.
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Figure 6.1: W validation distributions, electron trigger: pr of the highest-pp good electron,

Er and Hp in the event, My of electron and Fp. The W selections of Fp > 25 GeV and
mp > 20 GeV are included.

Source Number of Events
W +light jets 2450327
W+b 7573
W+c 50493
Drell-Yan 23095
Z =TT 3400
Z+heavy 499
tt 2113
Diboson 3456
QCD 30277
Expected total 2571230
Observed 2548108

Table 6.1: Summary of the predictions for W& — eFv. The QCD contribution is estimated
as in Sec. 5. The other contributions are calculated from the MC, scaled according to the
fit described in Section 5.2.
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Figure 6.2: W validation distributions, CMUP trigger: pp of the highest-py good muon,
Er and Hp in the event, My of the good highest-p muon and Fp. The W selections of
Er > 25 GeV and mp > 20 GeV are included.

Source Number of Events
W +light jets 1139312
W+b 3589
W+c 23691
Drell-Yan 114194
Z =TT 1708
Z+heavy 1337
tt 1072
Diboson 1723
QCD 2986
Expected total 1289610
Observed 1279011

Table 6.2: Summary of the predictions for W+ — p*v with a CMUP trigger. The QCD
contribution is estimated as in Sec. 5. The other contributions are calculated from the MC,
scaled according to the fit described in Section 5.2.
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Figure 6.3: W wvalidation distributions, CMX trigger: pp of the highest-py good muon,
Er and Hp in the event, My of the good highest-p7 muon and K. The W selections of
Er > 25 GeV and mp > 20 GeV are included.

Source Number of Events
W +light jets 802619
W+b 2337
W+c 15550
Drell-Yan 78109
Z =TT 1204
Z+heavy 845
tt 535
Diboson 1023
QCD 2348
Expected total 904569
Observed 895257

Table 6.3: Summary of the predictions for W+ — pF v with a CMX trigger. The QCD
contribution is estimated as in Sec. 5. The other contributions are calculated from the MC,
scaled according to the fit described in Section 5.2.
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the pp of the two leading electrons, the Hp

in the event, and the dilepton mass. In all the distributions except the mass distribution,
there is a requirement that the dilepton mass is between 76 and 106 GeV.

6.2 Z Sample Validation

6.2.1 7 —ete

Predictions are made in two dielectron categories: One electron must be tight, and the

second may be either tight or loose. The predicted and observed numbers of events in both

of these categories is summarized separately in Table 4.4. Table 6.4 shows the predicted and

observed event counts for electron-triggered Z events, with both categories of the second

electron combined. Figure 6.4 shows validation distributions of the same sample.
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Source N(FEvents) in full range | N(Events) in Z window
W+light jets 63 16
W+Db jets 0.9 0.2
W+-c jets 5.7 1.8
Drell-Yan 120115 105801
Z =TT 752 26
Z+heavy jets 1535 1438
tt 22 5
Diboson 169 123
QCD 9224 154
Expected total 122887 107567
Observed 129462 111063

Table 6.4: Summary of the predictions and observations for Z/~v* — e
is TCE. The prediction is shown over the entire range of m(eTe™) as well as in the Z mass

window, 76 < m(eTe™) < 106 GeV.

_|_

6.2.2 7 — utu-

e~ where the trigger

Predictions are made in ten dimuon categories: One muon must be selected from either
a CMUP or a CMX trigger, and the second muon may come from any of the CMU, CMP,
CMUP, CMX, or CMIO categories. The predicted and observed numbers of events in each
of these categories is summarized separately in Table 4.4. Tables 6.5 and 6.6 show predicted
and observed event counts for CMUP-triggered and CMX-triggered Z — uTp~ events,
with all five categories of the second muon combined. Figures 6.5 and 6.6 show validation

distributions of the same sample.
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Figure 6.5: Distributions of CMUP pu-triggered Z events: the pp of the two leading elec-
trons, the Hp in the event, and the dilepton mass. In all the distributions except the mass
distribution, there is a requirement that the dilepton mass is between 76 and 106 GeV.

Source N(Ewvents) in full range | N(Events) in Z window
W+light jets 366 73
W+b jets 11 1.8
W+-c jets 53 10
Drell-Yan 75970 64783
4 =TT 653 19
Z+heavy jets 1012 936
tt 46 8.9
Diboson 131 86
QCD 22 15
Expected total 78263 65933
Observed 75674 60163

Table 6.5: Summary of the predictions and observations for Z/v* — u*u~ where the trigger
is CMUP muon. The prediction is shown over the entire range of m(u™ ™) as well as in the
7 mass window, 76 < m(utp~) < 106 GeV.
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Figure 6.6: Distributions of CMX pu-triggered Z events: the pp of the two leading elec-
trons, the Hp in the event, and the dilepton mass. In all the distributions except the mass
distribution, there is a requirement that the dilepton mass is between 76 and 106 GeV.

Source N(Ewvents) in full range | N(Events) in Z window
W +light jets 244 54
W+b jets 6 1.3
W+-c jets 34 7.5
Drell-Yan 51634 44448
Z =TT 417 9.6
Z+heavy jets 658 611
tt 22 4.4
Diboson 78 52
QCD 17 12
Expected total 53112 45201
Observed 53254 42693

Table 6.6: Summary of the predictions and observations for Z/v* — ™ u~ where the trigger
is CMX muon. The prediction is shown over the entire range of m(u*p ™) as well as in the
7 mass window, 76 < m(utp~) < 106 GeV.
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Trigger | Measured R | Systematic Uncertainty
TCE 10.84 1.6%
CMUP 11.30 5.9%

CMX 10.88 2.0%

Table 6.7: The measured ratio R of W boson to Z boson production, and the trigger rate
uncertainty calculated by comparing it to the NNLO calculated value of 10.67.

6.3 The Ratio of W to Z Production ‘R’ as a Precision Check

The ratio of W to Z production is a very precise test of problems in lepton trigger
efficiencies, lepton identification efficiencies, or problems with Fp [28]. This ratio is calcu-
lated in each differently-triggered dataset, and the deviation from the theoretical value of
R =10.67 [27] is used as a systematic uncertainty on the trigger efficiency. Figures 6.7, 6.8,
and 6.9 show R versus run number for electron-, CMUP muon-, and CMX muon-triggered
events. The fluctuation of R with time is at least partially due to luminosity effects. At
higher luminosity, leptons are less likely to pass isolation selections, decreasing the measured
Z boson cross section more than that of the W boson. Table 6.7 shows the measured values

of R and the corresponding systematic uncertainties.
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Figure 6.7: The ratio, R, of W and Z cross sections for each run period, using the electron

trigger.
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CHAPTER 7
SOFT LEPTON IDENTIFICATION

The identification of low-pp, or “soft”, leptons is a main focus of this analysis. Likelihood-
based methods are used to identify soft electrons and muons. The identification algorithms
are described here, along with the methods used to validate them and evaluate their system-

atic uncertainties.

7.1 Soft Electrons

Soft electrons are identified using a likelihood method trained on a signal sample from
photon conversions and a background sample from other tracks with electron sources re-

moved.

7.2 Identification Algorithm and Candidate Selections

Every track in the event is a soft electron candidate, provided that it passes track quality

selections and fiduciality selections:

e 20 axial and 20 stereo COT hits
e At least 2 COT superlayers with 6 hits
e Track extrapolates to CES, CPR, and calorimeter

e Track |n| < 1.

After this preselection, a likelihood-based calculator is used to identify electrons. The
likelihood calculator uses seven discriminating variables: the energy loss as the track traverses
the tracking chamber, the electromagnetic and hadronic calorimeter energies, the energies
deposited in the preradiator and the showermax detector, and the two-dimensional distance

(Az, Az) between the extrapolated position of the track and the shower in the CES. The
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calorimeter variables are calculated using a narrow, two-tower-wide section of the calorime-
ter, as opposed to the larger integrated area used for the high-pp electron selection [34].
Appendix C contains more information on these discriminating variables.

The likelihood is trained on data without resorting to the simulation. For each variable,
a fit is performed to the ratio of the distribution in the real sample and the distribution in
the fake sample. For each candidate, the value of each of these fit functions is multiplied
together to get the final likelihood (£):

- P(wg|real) B _ _Q
= Plalfake) 2=1l% f-iig

A candidate is identified as an electron if it passes the requirement £ > 0.99.

7.2.1  Training Samples and Efficiency and Misidentification Rate

Measurements

Photon conversions are used as a pure sample of electrons to train the likelihood function.
The 8 GeV electron trigger (see Appendix A.2) is used to obtain a pure sample of conversions
by requiring that there be two tracks with opposite sign having |§| < 0.2 cm, A cot(f) < 0.1,
and Roopny > 8 cm. Figure 7.1a illustrates these variables.

After these selections, a fit is performed to the Acot(#) distribution, shown in Fig-
ure 7.1b, to determine the non-conversion background under the peak. The sideband of the
distribution (0.06 < |A cot(#)| < 0.1) is used to subtract out this background.

The likelihood distributions for the electron sample and for the non-electron background
sample are shown in Figure 7.2 (left).

Since the higher-pr leg of the conversion will be trigger-biased, the likelihood is trained
using the softer leg. A conversion pair is not used if the hard leg extrapolates to the same
calorimeter towers that are used for the soft leg, since those conversions have a very different

Eem /p distribution.
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Figure 7.1: Variables used to identify photon conversions to electron-positron pairs. On the
left are the variables defined in the plane transverse to the beam. The beam position is

[}

denoted by an “x”. R is the distance between the beam position and the point at which
the two tracks are tangential or parallel to each other and ¢ is the distance between the two
tracks at that point. On the right is the distribution of A cot(f), where 6 is the polar angle
of the track in the r — z plane. A fit is performed to find the signal (solid) and background
(dashed) to estimate the sample composition under the peak.

A sample of non-electron tracks with which to train the likelihood function is found using
events from the 18 GeV muon trigger (See Appendix A.2). All tracks in the events that,
along with another track, form a possible photon conversion are removed from the training
sample. In addition, to reduce the contamination from real electrons, any event that contains
an identified heavy quark decay or an identified electron is ignored.

The efficiency and fake rate are calculated in these training samples as functions of pr, 7,
and track isolation. The separation in identification rate between electrons and non-electrons
after the likelihood selection is shown in Figure 7.2 (right). This function is calculated by
dividing the data into bins in pp and 7, and in each of these bins fitting the efficiency and
fake rate to a linear function of the isolation.

This identification rate is applied to each candidate track in the MC to find the predicted
number of identified electrons.

Some representative fits are shown in Figure 7.3. To show that this scheme takes into

account any correlations between these kinematic variables, the results of applying these

parameterizations to the training samples are shown in Figure 7.4.
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7.2.2  Validation and Systematic Uncertainty Determination

The efficiency and fake rate parameterizations are checked on a data set triggered on jets
having Ep > 50 GeV (See Appendix A.2). The parameterizations take into account the pp,
7 and isolation of candidates in order to account for any kinematic differences between the
training sample and the validation sample. First, the same electron removal that was used
for the fake training sample (Section 7.2.1) is applied to the tracks in the jet sample. The
likelihood distribution of all candidate tracks in the jet sample is then fit to templates from
the real and fake likelihood training samples to obtain the fraction of real and fake electrons
in the jet sample. The jet sample is found to consist of 2.5% real electrons, mostly coming
from photon conversions from which only one electron was reconstructed. The predicted
identification rate is then checked for agreement with the measured identification rate.

The disagreement between the calculated and observed identification rates is measured
to be 1.6%. However, we observe larger disagreement in the shapes of the calculated and
observed distributions in pp and 7, as seen in Figure 7.5. We assign a systematic uncertainty
of 15%, which is sufficient to cover the observed disagreement. This systematic uncertainty

is applied separately to the electron identification and misidentification rates.
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7.3 Soft Muons

The soft muon identification algorithm described in Ref. [35] has been ported from the
ToPNTUPLE framework to the STNTUPLE framework with minimal modifications. The
efficiency of the ported identification software is measured using reconstructed J /1) — p*p~
decays to obtain pure muon samples. The misidentification rates of pions and kaons are
measured in D*T — D7t decays where D decays as DY — K~ 7. Similarly, the proton

misidentification rate is measured in A — pr. First, the algorithm is summarized.

7.8.1 Identification Algorithm and Candidate Selections

The soft muon identification algorithm relies on matching tracks identified in the COT
to the track segments reconstructed in the muon chambers (muon stubs). Matching is done
in the extrapolated position along the muon chamber drift direction (), the longitudinal co-
ordinate along the chamber wires (z) when available, and the difference in slope between the
extrapolated COT track and the reconstructed muon chamber track segment (¢y,). Tracks
are paired with muon chamber track segments based on the best match in = for those track
segments within 50 cm of an extrapolated COT track.

The list of all such track-stub matching variables is:

e CMU dz,
e CMU dz,
e CMU do,
e CMP dx,
o CMP dog,
e CMX dz,
e CMX dz,

o OMX do.
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Soft Muon Candidate Selections
N(COT) > 48
N(COT Axial) > 24
N(COT Stereo) > 24
|dg| < 0.3 cm, where dj is the impact parameter with respect to the beamline
|z0] < 60 cm
The track must extrapolate to within the physical boundary of a muon chamber.

Table 7.1: Soft muon candidate selection criteria.

Each of these variables can only be used if a stub exists in the corresponding system, i.e.
CMP dx and d¢ only have values if there is a CMP stub.

Table 7.1 lists the requirements placed on soft muon candidate tracks. The selections
on the number of COT hits reduce the background from poorly measured tracks, while the
selection on impact parameter removes some of the pion and kaon decay-in-flight background.
Note that the fiducial definition described in the last bullet point differs from the one used in
Ref. [35]. In that algorithm, candidates were declared fiducial if they extrapolated to within
305 outside of the physical chamber boundary, where o);g is the width of the multiple
scattering distribution for a given pp. This change was made due to the unavailability of
the extrapolated track-to-chamber boundary distance in the STNTUPLE format.

The final likelihood, £, is simply a sum @ of 2 terms built from each track-to-stub

matching variable x; described above:

Q= Z Zyl, (7.1)

where p; and 01-2 are the expected mean and variance of the distribution of z;. If the y;
are independent and normally distributed, the distribution of @ is y2 with a mean of n and

02 = 2n. The final likelihood is calculated by normalizing Q:

where 02(Q) is the variance of Q.

32



The track-to-stub matching variance functions, ¢; in Eq. 7.1, are copied from the ToOP-
NTUPLE code directly into the STNTUPLE port with no modifications. The o(Q) term in

the denominator of Eq. 7.2 is decomposed as in Ref. [35]

o*(@Q) =2n+ > plyi v3), (7.3)
]
and the p’s are taken from the TOPNTUPLE code.
In the final selection, we require that all identified soft muons must have a track segment
in each muon chamber to which the track extrapolates and that |£| < 3.5. For example, if
a track should cross the physical volume of both the CMU and CMP detectors, there must

be stubs in both detectors for it to be identified as a soft muon.

7.3.2  Efficitency and Misidentification Rate Measurements

The efficiency of the soft muon identification is measured using a pure sample of muons
obtained from J/¢ — pu decays. These events are obtained using an online trigger requiring
the presence of a muon with pp > 8 GeV (See Appendix A.3), and the J/v is reconstructed
by requiring that the trigger muon make a vertex with another track of opposite charge that
has associated muon chamber hits. All track requirements listed in Sec. 7.3.1 are applied to
both tracks. The J/W candidate mass is required to be consistent with 2.9 < m(upu) < 3.3

GeV, and signal and sideband regions are defined as follows:

o Left Sideband: 2.94 < m(up) < 3.0 GeV,
e Signal Region: 3.03 < m(pupu) < 3.15 GeV,

e Right Sideband: 3.18 < m(up) < 3.24 GeV,

The signal and sideband yields are fit in bins of pp of the non-triggered leg and the fits are

used to subtract out the background under the mass peak. These fits are shown in Fig. 7.6.
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Figure 7.6: Results of the J/¢) mass fits in bins of the pp of the softer, not-triggered,

candidate leg of the J /4.

The misidentification rates of pions and kaons are measured in D** — DYzt decays

where DY decays as DY — K ~nT. These events are obtained from the two track trigger

(See Appendix A.3) and are reconstructed with the following selections:

e the K must have opposite charge to each of the two 7’s,

|z| <5 cm between any two tracks,

the soft pion from the D* — DY decays must have pr > 500 MeV,

the kaon and pion from the D decay must have pr > 2 GeV,

the kaon and pion from the DY decay must have |dg| < 0.2 cm,

m(Kr) —m(D") < 30 MeV where m(D") is the nominal D? mass,

pr(DY) > 5 GeV,
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e the impact parameter significance of the DY is required to be dg/o(dg) > 2,
o pp(D7) =2 6 GeV,
o Am =m(D*) —m(D") < 170 MeV.

e 2 <100 where x? is from the vertex fit.

The 7 and K from the DY are required to form a vertex while the slow m from the D*
is attached to the primary vertex. The DY vertex is required to point back to the primary

vertex. Signal and sideband regions are defined as follows:

e Left Sideband: 0.1396 < Am < 0.141 GeV,
e Signal Region: 0.14242 < Am < 0.148421 GeV,

e Right Sideband: 0.152 < Am < 0.1625 GeV,

The signal and sideband yields are fit in bins of pp of the = or K from the D?. These
fits are shown in Fig. 7.7.

The misidentification rate of protons is measured using a sample of protons obtained
from A — pm decays. These events are taken from the two track trigger (See Appendix A.3).

The selections are as follows:

e the two tracks must pass the selections in Sec. 7.3.1,

the two tracks are required to have opposite charge and fit to a vertex,

|Az| <2 cm between the two tracks,

the y2 of the vertex fit is required to be < 10,

the decay length significance of the vertex is required to be Lyy /0 (Lyy) < 20,

the A impact parameter is required to be |dy| < 0.02 cm,

e 1.0 <m(A) < 1.16 GeV.

Signal and Sideband regions are defined as follows:
35



, 2.85p <4 GeV

. 4spT<5 GeV

SspT<6 GeV

65pT<8 GeV

0.14 0.145 0.15 0.155 0.16 0.165 0.17
Am (GeV)

85pT<10 GeV

0.14 0.145 0.15 0.155 0.16 0.165 0.17
Am (GeV)

10$pT<12 GeV

0.14 0.145 0.15 0.155 0.16 0.165 0.17
Am (GeV)

1ZSpT<16 GeV

RAARNPARA LR RRLL) RERLE LRRL
50000~ E

0.14 0.145 0.15 0.155 0.16 0.165 0.17
Am (GeV)

165pT<20 GeV

0.14 0.145 0.15 0.155 0.16 0.165 0.17
Am (GeV)

0.14 0.145 0.15 0.155 0.16 0.165 0.17
Am (GeV)

0.14 0.145 0.15 0.155 0.16 0.165 0.17
Am (GeV)

0.14 0.145 0.15 0.155 0.16 0.165 0.17
Am (GeV)

Figure 7.7: Results of the D* mass fits in bins of the pp of candidate 7’s coming from
DY — K.

e Left Sideband: 1.101 < m(A) < 1.106 GeV,
e Signal Region: 1.111 < m(A) < 1.121 GeV,

e Right Sideband: 1.126 < m(A) < 1.131 GeV,

The signal and sideband yields are fit in bins of proton py. These fits are shown in
Fig. 7.8.

Figure 7.9 shows the distribution of muon likelihood £ for u, m, K, and p obtained from
the signal regions in the samples described above. The p likelihood peaks more strongly at
small £, as expected. The final selection, as described in Sec. 7.3.1, is |£| < 3.5.

The technique described in Ref. [36] is used to obtain the efficiency and fake rates. The

identification rate is determined as,

_ By —-Rp-fB
1-fp
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Figure 7.8: Results of the A mass fits in bins of the pp of candidate p’s.

where R); and Rp are the identification rates measured in the signal and sideband regions,

respectively, and fp is the background fraction in the signal window. For fake rates, the

measured misidentification rate, Ry, can be written in terms of the decay-in-flight rate as,

Ryr = far - Rpre + (1 — far) - Rpr,

where f) is the decay-in-flight fraction and Rprr and Rpr are the identification rates for

decay-in-flight and punch-through, respectively. The Rpp is used as presented in Ref. [36].

The identification efficiency is defined as N (identified)/N (candidates), where the candi-

date requirements are shown in Table 7.1. The efficiencies for each particle type are plotted

in Fig. 7.10 as a function of pp. Note that for all particles except for muons, the “efficiency”

is actually the rate that the particle is misidentified as a muon. Strong separation is observed

between p and backgrounds.
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Figure 7.9: A comparison of the soft muon likelihood distributions for u, w, K, and p.

An efficiency matrix is created in bins of pp and 7 using the J/¢ sample. Because the
sample is limited in statistics for pp > 12 GeV, empty bins are filled in using interpolation
between the low-pp muons from J/W¥ decays and higher-pp muons from Z decays. The soft
muon identification is applied to Z events so that the region between the J/v and Z pp may
be correctly fitted. Figure 7.11 shows an example of these fits for candidates with |n| < 0.15.
The final p efficiency matrix is shown in Fig. 7.12.

For the corresponding binned misidentification matrix, the misidentification rate is mea-
sured in each of the three background samples. The 7, K, and p matrices are then combined
in the proportion found in W boson decays as presented in Table 3 of Ref. [36]. These
weights are f(m) = 0.719, f(K) = 0.156, and f(p) = 0.125.

7.8.8  Soft Muon Systematic Uncertainty Determination

Separate systematic uncertainties are estimated for the true muon identification efficiency
and the misidentification rate. The sideband subtraction technique used to obtain the muon
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Figure 7.10: Identification efficiency as a function of pp for u, m, K, and p. For the case of
the p, this is the rate at which real muons are identified. For the other species, it is the rate
that the particle is misidentified as a muon.

efficiency matrix introduces uncertainties arising from the statistics of the .J/¢ sample. These
uncertainties vary with pp and 7.

In addition, the maximum variation in efficiency of 8% arising from the difference between
isolated and non-isolated candidates (See Figure 7.13) is used as an uncertainty representing
the maximum possible difference between the J/¢ sample environment and the W/Z envi-
ronment. This is added in quadrature to the statistical uncertainty arising from the sideband
subtraction method (2% - 70%, depending on the bin) to obtain the final muon efficiency
uncertainty.

The misidentification systematic uncertainty is obtained by selecting muon-free regions in
JET samples and taking the difference between observed and predicted soft muon misiden-

tification rates. The JET sample selections are as follows:

o At least 3 jets with Ep > 15 GeV and |n| < 2.0,

e Reject jets with positive SECVTX tag or negative SECVTX tag having m(SV) > 0.3
39



\ pTEff etaBandO0 muo

the n range

T T T T ‘ T T T T ‘ T T T T T T T T ‘ T T T T T T T T ‘ T T T T | T ]
L= X2 / ndf 2558/12 | |
~ Constant  -0.1699 + 0.01758 N
1l Slope  -0.01747+0.0009545 | |
B e i
0.8 -
0.6/ -
L —— ]
0.47 — i
0'2_\ | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | | I | 11
0 10 20 30 40 50 60 70
Figure 7.11: Fit for soft muon efficiency function over J/¢ and Z events in
In| < 0.15.
Sample | Identified | Predicted | Uncertainty
JET50 517 505 2.3%
JET100 2331 2220 4.8%

Table 7.2: Number of events predicted by applying the soft muon misidentification matrix

and observed in JETH50 and JET100 data.

GeV,

e Reject candidate tracks in jets having dy/o(dgy) > 2.

Figure 7.14 shows the predicted and observed identification rate in JET100.

The differences between the predicted and observed number of events are shown in Ta-

ble 7.2. Twice the largest error is used as the systematic uncertainty on the misidentification

rate.
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as described in the text as a function of pp.
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7.4 Application of Soft Lepton Identification to W/Z Samples

Additional selection criteria are applied to soft lepton candidates in the high p7 W and
Z boson data samples to reduce the amount of background in the search sample: Any track
that is already identified as a high-pp electron or muon in the W or Z boson selection is
ineligible to be identified as a soft muon. To reject badly measured tracks, each track is
required to have at least one hit in the silicon detector. For electron candidates, this hit
must be in the first two layers of the silicon detector to help reject photon conversions. Each
track is required to be inside of a reconstructed jet having |n| < 2.0 and transverse energy
of Ep > 5 GeV, so that the heavy flavor fraction fit described later in Section 8.1 can be
applied. Any track that is identified as a conversion partner is rejected. The track candidate
must have a distance along the beamline |Az| < 5 cm from the high pp trigger lepton. If
the trigger lepton is the same flavor as the soft lepton, the invariant mass M is calculated

of the candidate + trigger, and the following mass ranges are rejected:

e M <5 GeV to remove the J/1 and bb backgrounds.

e 9 < M < 10 GeV if the candidate track has opposite charge to the trigger lepton. This

rejects T events.

e 80 < M < 100 GeV if the candidate track has opposite charge to the trigger lepton.

This rejects Z events.
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CHAPTER 8
BACKGROUND PREDICTION

The main SM backgrounds in the signal region of this analysis are semileptonic heavy
quark decays and photons converting to electron-positron pairs. The contributions from

these backgrounds are estimated as described here.

8.1 Heavy Flavor Background Fraction

The leptonic decay of heavy flavor quarks is a significant background contribution to the
soft leptons that are being counted in this analysis. This background is estimated using the
data in the W /Z + exactly one soft muon bin, which should be dominated by SM processes.
A fit is performed in two distributions of soft muons which are sensitive to the heavy flavor
fraction: pTTel, which is the momentum of the muon transverse to the direction of the jet in
which it is found, and dgy/o(dg), which is the significance of the muon’s impact parameter
with respect to the beamline. A simultaneous fit is performed of these two distributions
to a sum of templates from heavy flavor, light flavor, and Drell-Yan processes, as shown in
Figure 8.1. These templates were acquired from the MC background samples. Only the
contributions from light and heavy jets are allowed to vary, since the Drell-Yan cross section
is already known to be well estimated from the Z boson sample validation.

The result of this fit, shown in Table 8.1, is used to normalize the contributions of the
three types of processes in the higher-multiplicity sample. The results differ from the factor
of 1.45 £ 0.17 found by previous analyses[37] due to the much lower energy requirement for

the jets in this analysis. The uncertainty resulting from the fit, ranging from 5% to 34% in

the various samples, is used as a systematic uncertainty on this normalization.
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dp significance of the soft muon. The data distribution is fit to the sum of three components:
W+heavy quark, W+light quark/gluon, and Drell-Yan.

Selection | Component | Scale Factor
TCE W Heavy 2.51 4+ 0.20
Light 0.93 +0.05
CMUP W Heavy 3.20 + 0.26
Light 0.87+0.10
CMX W Heavy 3.38 +0.33
Light 0.70 +0.13
TCE Z Heavy 5.214+0.71
Light 0.75+0.15
CMUP Z Heavy 3.76 £ 0.97
Light 1.33 4+ 0.23
CMX Z Heavy 4.07+1.19
Light 1.0 +0.27

Table 8.1: The result of the fit to correct the heavy flavor fraction.
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8.2 Normalization of Soft Electron Multiplicities

The heavy flavor fit described in Section 8.1 normalizes all of the data to the W /Z+1u
bin. However, we find a mismatch in the W /Z+1e bin, which is also expected to be domi-
nated by SM processes. This mismatch is expected to be due to mismodeling of the number
of photon conversions in the MC. The difference between the predicted and observed num-
bers in the W /Z plus exactly one electron bin is 34% in the W boson sample and 31% in
the Z boson sample. This is used as a systematic uncertainty for the normalization of all

other MC with at least one additional identified electron.
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CHAPTER 9
RESULTS

We perform a broad search for additional electrons and muons in the previously identified
W and Z boson events. This signature of multiple leptons is common in many models of
new physics with light mass scales and couplings to the electroweak sector.

First, a sample of 4,722,370 W boson events and 342,291 Z boson events is obtained from
5.1 tb~! of data. In these base samples, good agreement with predictions is observed in all
kinematic distributions, as shown in Chapter 6.

Then, techniques are demonstrated for soft electron and muon identification with no
requirement of isolation. For electrons, an efficiency of 80% at pp = 2 GeV rising to 90%-
100% for 4 < pp < 20 GeV is shown with a corresponding 2% — 4% misidentification rate.
For muons, an efficiency between 80% at pp = 3 GeV and 40% at pp = 20 GeV is shown
with a misidentification rate less than 1%. These efficiencies are shown in Figures 7.2 and

7.10.

9.1 Soft Lepton Multiplicity

Using the soft lepton identification techniques described in Section 7, the numbers of
W and Z boson events with multiple additional leptons are counted. Figures 9.1 and 9.2
show the multiplicity of additional electrons (Ne) and muons (N,) in these events, with
the SM expectation and observed data overlaid. The two-dimensional histograms of N, vs.
N, are presented in slices of N, for ease of viewing. These expected and observed event
counts are also presented in Tables 9.1 and 9.2 for ease of comparison with predictions from
other models. The sources of systematic uncertainties are summarized in Table 9.3, with
references to where in the thesis they are described and evaluated. Good agreement with
the SM expectation is observed across the distributions.

In particular, very few multi-muon events are observed, which is the region where many
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Figure 9.1: Multiplicity of additional electrons and muons after the W boson selection. The
two-dimensional histogram of N, vs. N is presented in slices of N for ease of viewing.
Both hard and soft leptons (but not the initial leptons used for the W or Z identification)
are counted. Note that the distributions combine the electron- and muon-triggered events.
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Figure 9.2: Multiplicity of additional electrons and muons after the Z selection. The two-
dimensional histogram of N, vs. Ne is presented in slices of N, for ease of viewing. Both
hard and soft leptons (but not the initial leptons used for the W or Z identification) are
counted. Note that the distributions combine the electron- and muon-triggered events.
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Ne | Ny, | Predicted SM Background | Predicted Dark Higgs Signal | Observed
0110 4623512 £ 315244 158 4673896
0| 1 6463 £ 807 42 6498
0 | 2 109 4+ 24 21 70
0] 3 2.1+£0.79 8.0 2
0| 4 0.029 +0.019 2.8 0
0] 5 0.00026 4+ 0.00023 0.83 0
110 46055 + 11387 27 37778
1 1 824 + 230 11 425
1] 2 23+78 6.4 8
11 3 0.58 £ 0.27 2.6 0
1] 4 0.010 4+ 0.0074 0.95 0
115 0.00011 +£ 0.00011 0.29 0
210 3600 £+ 1085 7.1 3184
2 1 129 4+ 43 3.8 86
2 | 2 4.94+1.8 2.3 1
2 | 3 0.13 +£ 0.067 0.97 1
2 | 4 0.0031 4 0.0024 0.37 0
310 491 + 185 1.9 366
3 1 23+9.3 1.2 5
3 2 0.85+£0.42 0.72 1
31 3 0.028 +0.017 0.30 0
410 79 + 38 0.47 50
4 1 39+21 0.28 2
510 13+76 0.096 5
5 1 0.74 £ 0.49 0.058 0
6 | 0 20+£15 0.015 0

Table 9.1: Summary of predicted and observed event counts by number of additional elec-
trons (NVe) and muons (V) after the W boson selection. The prediction of a model described
in Section 9.3 is also shown for comparison. Bins with less than 0.25 expected events in both
signal and background and 0 observed events are not shown.
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Ne | Ny, | Predicted SM Background | Predicted Dark Higgs Signal | Observed
010 215219 + 36886 7.6 211448
0| 1 255 + 52 1.2 270
0| 2 3.24+0.89 0.54 4
110 2145 + 447 1.0 1975
1 1 30 +8.1 0.27 20
1 2 0.51 +£0.18 0.15 0
210 175 £ 50 0.28 176
2 1 42+1.5 0.10 )
310 23+£9.0 0.070 18
3 1 0.71 +£0.31 0.031 1
4 0 3.4+ 1.8 0.019 2
510 0.52 +0.35 0.0044 0

Table 9.2: Summary of predicted and observed event counts by number of additional elec-
trons (Ne) and muons (V) after the Z selection. The prediction of a model described in
Section 9.3 is also shown for comparison. Bins with less than 0.25 expected events in both

signal and background and 0 observed events are not shown.

Systematic Source Size (%) Effect in Large S/B Region (Events)
Trigger Efficiency (Sec. 6.3) +(1.6 - 5.9)% +0.06

QCD fraction (Sec. 5) +26% 0

Soft e real rate (Sec. 7.2.2) +15% +0.04

Soft e fake rate (Sec. 7.2.2) +15% +0.11

Soft u real rate (Sec. 7.3.3) +(8-70)% +0.64

Soft u fake rate (Sec. 7.3.3) +10% +0.34

Soft e normalization (Sec. 8.2) +(31-39)% +0.24

Heavy Flavor Fraction (Sec. 8.1) | £(5-34)% +0.25

Table 9.3: Sources of systematic uncertainties. Their size is measured both as a percentage
and as the number of events in a benchmark-signal-rich region, defined as a W or Z boson plus
at least 3 additional muons with pp > 3 GeV. Note that, although some of the systematics are
large, they have little effect in the signal region due to there being negligible SM background.
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lepton jet models would be expected to show an excess. Only three events containing 3 muons
beyond the W or Z selection are observed, which is consistent with the SM expectation of
2.9 events. No events are observed containing four or more additional muons. A summary

of the high lepton multiplicity events that are observed in the data is shown in Appendix D.

9.2 Soft Lepton Kinematics

Many new physics scenarios, in addition to creating excesses in the soft lepton multi-
plicity, would result in discrepancies in the soft lepton kinematics. For example, in the
benchmark model described in Table 9.4, pairs of leptons are produced by decaying dark
photons, which would create a mass peak at 300 MeV in the dilepton mass.

With no excess having been seen in the soft lepton multiplicity, the dilepton mass dis-
tributions are shown in Figure 9.3. All distribution are consistent with the SM predictions.
The most discrepant is the Z + pp mass distribution, but the discrepancy does not pass the

95% confidence level.

9.3 Benchmark Model

A series of representative lepton jet models is presented in Ref. [11]. The benchmark
model chosen for this analysis is an adaptation of the ‘Neutralino Benchmark Model,” in
which the Higgs decays principally to a pair of the lightest supersymmetric particles, which
then decay through a dark sector to lepton jets. A MC sample of signal events was generated
from this model using PYTHIA. The signal from this model that this analysis is most sensitive
to is associated production of a W or Z boson and a Higgs boson, which has a cross section
of 389 fh~1.

The particular parameters of the model [38] were chosen to create a ‘typical’ model of
this class. The MSSM parameters (i, my, mo, tan(f) and sin(«)) avoid previous searches

for supersymmetry while making the lightest supersymmetric partner (xq) the favored Higgs
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Figure 9.3: Distributions of the invariant mass of each pair of soft leptons ee (top), eu
(center), and uu (bottom). The W-selected events are on the left and the Z-selected events
are on the right. Note that the distributions combine the electron-and muon-triggered events.
The contribution from conversions swamps any new physics signal in the m(e, e) and m(e, u)
distributions, but the m(u, p) distribution (bottom) is sensitive to the benchmark model as
well as to other new physics models.
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Parameter Value
7 149 GeV
mq (bino) 13 GeV
ma(wino) 286 GeV
tan (/) 3.5
sin(«) -0.28
Mg 10 GeV
mpg 120 GeV
My 1 GeV
Moy, 300 MeV
BR(xo = xq¢ +27) | 33%
BR(xo = xq¢ +37) | 33%
BR(xo = xa+474) | 33%

Table 9.4: Parameters used for the benchmark model based on that in Ref. [11]. The first
five parameters are the inputs to the MSSM including the branching fractions for xyg —
Xd + Nvq [38].
decay channel. The Higgs has a mass near that favored by precision measurements. The
branching fractions for yg decaying into the dark neutralinos (x,) and dark photons (v4)
simply model the sort of cascade decay illustrated in Figure 1.1. The mass of the dark
photon is chosen in order to make the additional leptons that are produced approximately
half muons and half electrons. These parameters are summarized in Table 9.4.

As an example, a limit is set on the production of this benchmark model. The limit is
set at 0.312 x o, or 112 fb, at 95% credibility. The model can be ruled out at the standard
cross section at a confidence level of 99.7%.Both of these limits are set using the MCLIMIT

tools [39] running over the combined W and Z channels in Figures 9.1 and 9.2.

9.4 Application to Other Models

In addition to the benchmark model discussed in Section 9.3, limits can be set on a wide
range of alternate models. A rough estimate of the limit for a particular model can be made
by normalizing its production to the W or Z boson cross section, applying the efficiencies

in Figures 7.2 and 7.10 to the additional leptons, and comparing the result to the observed
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Object Requirements Number Observed
w pr(e/p) > 20 GeV 4,722,370
In(e)] < 1.1, |n(u)| < 1.5
ET > 25 GeV
mT(l, ET) > 20 GeV
do(l, Bp) > 0.5
Z pr(e/p) > 20 GeV 342,291
pr(e2) > 12 GeV, pp(u2) > 10 GeV

In(e)] < 1.1, In(p)] < 1.5
76 GeV < m(ly,l2) < 106 GeV

soft e pr(e) > 2 GeV See Tables 9.1 and 9.2
n(e)] <1
L > 0.99 (Efficiency in Figure 7.2)
soft pr(p) >3 GeV See Tables 9.1 and 9.2
()] < 1.5

|£] < 3.5 (Efficiency in Figure 7.10)

Table 9.5: Summary of kinematic requirements to find various objects. These numbers can
be used to set limits on many models that predict production of additional leptons.
and predicted numbers of additional leptons in Tables 9.1 and 9.2. For ease of reference, a
summary of the kinematic selections for identified objects is presented in Table 9.5.

In general, any model that predicts significant numbers of 3-muon events can be ruled out,
since only three such events are observed in the sample, consistent with the SM background.
However, models that produce multiple electrons can more easily be accommodated, since

photon conversions result in a much higher background in that region.
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CHAPTER 10
CONCLUSIONS

This analysis expands the reach of previous searches for additional leptons by allowing
leptons to be reconstructed from a much lower pp threshold and with no requirement of iso-
lation. This greatly increases the acceptance to find lepton jets or similar excesses of leptons
from effects beyond the SM. No indication of such new effects is seen in the data sample. A
95% confidence level limit is set on an example benchmark model of supersymmetric Higgs

production, and a framework is provided to set limits on a class of other models.
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APPENDIX A
DATA SAMPLES

Many differently-triggered data samples are used in this analysis. High-pp lepton triggers
are used to acquire the signal region data samples. Lower-pr lepton triggers are used to
acquire pure samples of leptons to train and test the soft lepton identification algorithms.
Other triggers are used to select non-lepton tracks to check the misidentification rate of the

soft lepton identification. All of these data samples are described more fully in this appendix.

A.1 Signal Region Data Samples

This analysis uses events selected with the “ELECTRON_CENTRAL_18", “MUON_CMUP18”, and
“MUON_CMX18” triggers as the search region. The good run list “goodrun_v37_em mu_si.list”,
requiring good electrons, muons, and silicon, is used. The data encompass CDF Periods 1 to
27, covering the calendar period Dec. 7, 2004 to Jan. 6, 2010. The datasets, runs, run peri-
ods, and luminosities are listed in Table A.1. The total luminosity for this dataset is 5.1 fb—1,
and the numbers of electron- and muon-triggered events are 384,622,495 and 224,359,512,

respectively.

A.2 Soft Electron Identification Data Samples

The real electron training sample for the soft electron identification algorithm is collected
using the ELECTRON_CENTRAL _8_L2 DPS trigger. In order to be sure of having similar detector
response in the training sample and the search sample, the same range of data is used in
each sample. Datasets blpcah, blpcai, blpcaj, blpcak and blpcam are used.

The non-electron background sample is collected using the MUON_CMUP18 and MUON_CMX18
triggers. These are the same triggers used in the signal sample, and were chosen in order to

provide in the training sample a similar environment to the signal sample. The differences
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Dataset | Period Runs Luminosity Dates

Oh 1 190697 — 195408 | 363pb~ ! 7 Dec 04 - 18 Mar 05
2 195409 — 198379 19 Mar 05 - 20 May 05
3 198380 — 201349 21 May 05 - 19 Jul 05
4 201350 — 203799 20 Jul 05 - 4 Sep 05

01 bt 203819 — 206989 | 587pb~! 5 Sep 05 - 9 Nov 05
6 206990 — 210011 10 Nov 05 - 14 Jan 06
7 210012 — 212133 14 Jan 06 - 22 Feb 06
8 217990 — 222426 9 Jun 06 - 1 Sep 06
9 222529 — 228596 1 Sep 06 - 22 Nov 06

0j 10 228664 — 233111 | 945pb~1 24 Nov 06 - 30 Jan 07
11 233133 — 237795 30 Jan 07 - 31 Mar 07
12 237845 — 241664 1 Apr 07 - 13 May 07
13 241665 — 246231 13 May 07 - 4 Aug 07

0k 14 252836 — 254686 | 484ph~! 28 Oct 07 - 3 Dec 07
15 254800 — 256824 5 Dec 07 - 27 Jan 08
16 256840 — 258787 27 Jan 08 - 27 Feb 08
17 258880 — 261005 28 Feb 08 - 16 Apr 08

Om 18 261119 — 264071 | 2687pb~! 18 Apr 08 - 1 Jul 08
19 264101 — 266513 1 Jul 08 - 24 Aug 08
20 266528 — 267718 24 Aug 08 - 4 Oct 08
21 268155 — 271047 12 Oct 08 - 1 Jan 09
22 271072 — 272214 2 Jan 09 - 10 Feb 09
23 272470 — 274055 15 Feb 09 - 21 Mar 09
24 274123 — 275848 22 Mar 09 - 4 May 09
25 275873 — 277511 5 May 09 - 13 Jun 09
26 282976 — 284843 15 Sep 09 - 25 Oct 09
27 284858 — 287261 25 Nov 09 - 06 Jan 10

Table A.1: Datasets used in the analysis. Both muon and electron datasets are used, i.e.
Oh refers to bhmubh and bhelbh. The luminosities of the electron and muon datasets are
the same because the triggers are unprescaled and the same good run list is used for both
triggers.
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are that no W or Z boson selection is applied and all sources of real electron contamination
are removed in the training sample.

The systematic uncertainty in the soft electron identification is measured using non-
electron tracks collected with the JET_50 trigger. Datasets gjt2ah, gjt2ai, gjt2bi, gjt2ci,

gjt2bj, gjt2bk and gjt2bm are used.

A.3 Soft Muon Identification Data Samples

The efficiency of the soft muon identification algorithm is measured using muons obtained
from the MUON_CMUP8 trigger. Periods Oh through 0j are used, corresponding to datasets
bmclah, bmclai and bmclaj.

The misidentification rate of the soft muon identification is measured using sample of
pions, kaons and protons obtained from D* and A decays. These decays are found in events
collected using the EXO_TWO_TRACK trigger. Datasets hbhdah, hbhdai, and hbhdak are used.

The systematic uncertainty in the soft muon misidentification rate is measured using

non-muon tracks collected using the JET_100 trigger. The dataset gjt4ah is used.
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APPENDIX B
MONTE CARLO SAMPLES

This analysis uses the standard CDF Monte Carlo samples maintained by the CDF Top
Group. Many of these samples consist of both low-luminosity files and high-luminosity files.
In order to properly model the luminosity of the data sample used in this analysis, the low-
luminosity and high-luminosity files are combined and the events are weighted according to
the number of primary vertices in the event.

Because heavy quark (c and b) decays are an important background in this analysis, MC
samples consisting specifically of W or Z bosons and heavy quarks are used. The W /Z
plus jets samples contain some heavy quarks, but all events in those samples that produce a
heavy quark are removed in order to avoid overlap with the heavy flavor samples.

The Alpgen W + jets and W + heavy quarks datasets are shown in Tables B.1 and B.4,
and the Alpgen Drell-Yan and Drell-Yan + heavy quarks datasets are shown in Tables B.2,
B.3 and B.5. The Pythia datasets are shown in Table B.6.
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low L low L high £ | high £
Process o Dataset | Nepents || Dataset | Neyents
W{(ev) + Op 2.52 nb | ptOsw0 | 4929337 || ut0s00 | 1985030
Wi(ev) + 1p 315 pb | ptOswl | 4909767 || utOsO01 | 1984122
W(ev) + 2p 49.42 pb | ptOs2w | 918835 ut0s02 | 400219
W(ev) + 3p 7.83 pb | pt0s3w | 783415 | ut0s03 | 396219
Wi(ev)+ >4p | 1.44 pb | ptOsdw | 453531 | ut0s04 | 396219
W(pv) + Op 2.52 nb | ptOswb | 5010637 || ut0s05 | 1985030
W(pv) + 1p 315 pb | ptOsw6 | 4997783 || ut0s06 | 1985030
Wi(pv)+2p | 49.42 pb | ptOs7w | 877801 || ut0s07 | 400219
W (uv) + 3p 7.83 pb | pt0s8w | 817043 | ut0s08 | 400219
W(uv)+ >4p | 1.44 pb | pt0s9w | 906265 | ut0s09 | 400219
W(rv) + 0p 2.52 nb | utOsw0 | 4868422 | ut0s10 | 1984200
W(rv) + 1p 315 pb | utOswl | 4981403 || utOsll | 1985030
W(rv) + 2p 49.56 pb | utOs2w | 917094 utOs12 | 400219
W(rv) + 3p 7.84 pb | ut0s3w | 1008221 || ut0s13 | 400219
W(rv)+ >4p | 1.44 pb | utOsdw | 986494 | utOsl4 | 396219

Table B.1: Alpgen W+ partons dataset names, processes, cross sections, and number of
events generated. Note that the cross-sections listed include a K-factor of 1.4.

low L low L high £ | high £

Process o Dataset | Neyents || Dataset | Neyents
Z(ee) + 0p [75 : 105] 158 pb | zt0sp0 | 2639520 || btOsz0 | 880438
Z(ee) + 1p [75 : 105] 21.6 pb | ztOspl | 2624793 | btOszl | 1024551
Z(ee) + 2p [75 : 105] 3.46 pb | ztOszb | 4595453 || btOsz2 | 1793000
Z(ee) + 3p [75 : 105] 0.55 pb | zt0s3p | 524261 btOsz3 | 192119
Z(ee)+ > 4p [75:105] | 99.2 fb | zt0sdp | 525065 | btOsz4 | 192119
Z () +Op [75: 105] 158 pb | ztOspb | 2659832 || btOszb | 1020551
Z(pp) + 1p [75 1 105] 21.6 pb | ztOsp6 | 2652428 || btOsz6 | 1021555
Z () + 2p [75 1 105] 3.46 pb | ztOszt | 4660506 || btOsz7 | 1793000
Z () + 3p [75 1 105] 0.55 pb | zt0s8p | 536159 || bt0sz8 | 192119
Z(pp)+ > 4p [75:105] | 99.2 fb | zt0s9p | 530242 || bt0sz9 | 192119
Z(tT)+ Op [75 : 105] 158 pb | zt0st3 | 5860164 || btOsza | 2400920
Z(tT)+ 1p [75 : 105] 21.5 pb | ztOst4 | 5722772 || btOszb | 2400920
Z(tT)4+ > 2p [75:105] | 4.14 pb | zt0st2 | 2263107 || btOszc | 953280

Table B.2: Alpgen Z+ partons dataset names, processes, cross sections, and number of
events generated. The mass range in the process name refers to the generated mass range of
the dilepton pair. Note that the cross-sections listed do not include a K-factor.
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low L low £ high £ | high £
Process o Dataset | Neyents || Dataset | Neyents
DY(ee) + 0p [8:20] 1514 pb | zt0sl0 531063 - -
DY (ee) + 1p [8 : 20] 19.7 pb | zt0sl1 | 530980 : .
DY (ee) +2p [8 : 20] 6.98 pb | zt0s12 | 519852 . .
DY (ee) + 0p [20 : 75] 160 pb | xt0sOp | 536159 | zt0so6 | 192119
DY (ee) + 1p [20 : 75] 8.39 pb | xtOslp | 530958 || zt0Oso7 | 192119
DY (ee) + 2p [20 : 75] 1.61 pb | xt0s2p | 536159 | zt0so9 | 1793000
DY (ee) + 3p [20 : 75] 233 tb | xt0s3p | 525670 || ztOsoa | 192119
DY (ee)+ > 4p [20:75] | 39.8 fb | xtOsdp | 515638 | ztOsob | 192119
DY (ee) + 0p [105: 600] | 4.07 pb | yt0sOp | 519104 | zt0sol | 192119
DY (ee) + 1p [105 : 600] 705 fb | ytOslp | 524895 || ztOsom | 192119
DY (ee) + 2p [105 : 600] 117 fb | yt0Os2p | 513214 | ztOson | 192119
DY (ee) + 3p [105 : 600] 185 fb | yt0s3p | 504749 || ztOsoo | 192119
DY (ppe) + 0p [8 = 20] 1514 pb | ztOsm0 | 530855 - -
DY (pp) + 1p [8 = 20] 19.7 pb | ztOsml | 525713 - -
DY () + 2p [8 - 20] 6.98 pb | zt0sm2 | 530561 - -
DY (p) + Op [20 : 75] 160 pb | xtOsbp | 519237 | ztOsoc | 192119
DY () + 1p [20 : 75] 8.4 pb | xtOs6p | 530696 | ztOsod | 192119
DY (pje) + 2p [20 : 75] 1.6 pb | xt0s7p | 520703 | ztOsof | 1792478
DY (pupe) + 3p [20 : 75] 233 fb | xt0s8p | 509424 | ztOsog | 192119
DY (ppe)+ > 4p [20 : 75] 39.8 fb | xt0s9p | 523932 || ztOsoh | 192119
DY (pup0) + Op [105 : 600] 4.07 pb | ytOs5p | 530941 | ztOsoq | 192119
DY () + 1p [105 : 600] 706 fb | ytOs6p | 529581 zt0sor 192119
DY (pe) + 2p [105 : 600] 117 fb | ytO0s7p | 531006 | =ztOsos | 192119
DY () + 3p [105:600] | 18.5fb | ytOsSp | 510246 | ztOsot | 192119
DY (17) + 0p [20 : 75] 160 pb | xtOst0 | 1135920 - -
DY (r1) + 1p [20 : 75] 8.38 pb | xtOstl | 1158902 - -
DY (t7)+ > 2p [20 : 75] 1.82 pb | xt0st2 | 2270345 - -
DY (77) + Op [105 : 600] 4.07 pb | zt0sOh | 268428 - -
DY (r7) + 1p [105:600] | 707 fb | zt0slh | 268428 : .
DY (r7)+ > 2p [105:600] | 117 fb | zt0s2h | 268428 . .

Table B.3: Alpgen Drell-Yan + partons dataset names, processes, cross sections, and number
of events generated. The mass range in the process name refers to the generated mass range
of the dilepton pair. Note that the cross-sections listed do not include a K-factor.
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low L low £ high £ | high £
Process o Dataset | Neyents || Dataset | Nepents
W(ey) -+ bb+ Op 4.17 pb | bt0sOw | 1541069 || bt0s00 | 593755
Wi(ev)+bb+ 1p 1.24 pb | btOslw | 1545970 || bt0sO1 | 594426
ev) +bb+ >2p | 402 fb | btOs2w | 1498550 || bt0s02 | 604337
uv) + bb + Op 4.17 pb | btOsbw | 1539099 || bt0s05 | 605333
uv) +bb+ 1p 1.24 pb | btOs6w | 1529300 || bt0s06 | 601125
puv) +bb+ > 2p | 400 fb | btOs7w | 1501959 || bt0s07 | 593788
TV) 4+ bb + Op 4.17 pb | dtOsw0 | 769285 || bt0s10 | 601802
Tv) + bbb+ 1p 1.24 pb | dtOswl | 1105495 || btOsll | 596337
Tv) + bb+ > 2p | 400 fb | dtOsw2 | 1468622 || bt0s12 | 592389
ev) + cc+ Op 7.00 pb | ctOsOw | 2008023 || btOsl5 | 796448
ev) + cc+ 1p 2.51 pb | ctOslw | 1983960 || btOsl6 | 772496
ev) +cc+ > 2p | 879 fb | ctOs2w | 2001927 || bt0s17 | 777696
puv) + cc+ 0p 7.00 pb | ctOsbw | 2018429 || bt0s21 | 800448
uv) 4+ cc+ 1p 2.51 pb | ctOs6w | 2025229 || bt0s22 | 792448
uv) 4+ cc+ > 2p | 879 fb | ctOs7Tw | 1990504 | bt0s23 | 788236
TV) 4 cc + Op 7.00 pb | etOsw0 | 1973192 || bt0s25 | 788448
TV) 4+ cc+ 1p 2.51 pb | etOswl | 1985097 || bt0s26 | 796690
TV) 4+ cc+ >2p | 879 fb | etOsw2 | 1921088 || bt0s27 | 786908
ev)+c+0p 23.9 pb | stOswO | 1960065 || otOswd | 800448
)+c+1p 4.75 pb | stOswl | 1964891 || otOswe | 800448
)

@
X

ev) +c+2p 710 fb | stOsw2 | 1978900 || otOswf | 799773
uv) +c+0p 23.9 pb | stOswb | 1992335 || otOswh | 800448
pv) +c+1p 4.75 pb | stOsw6 | 1984842 || otOswi | 800448
) +c+2p 710 tb | stOsw7 | 1974052 || otOswj | 799678
Tv) 4+ ¢+ 0p 23.9 pb | stOswa | 1532572 | otOswl | 800448
TV)+c+ 1p 4.75 pb | stOswb | 1532908 || otOswm | 800448
V) +c+2p 710 fb | stOswc | 1504501 || otOswn | 800448
W(rv)+ct+ > 3p 116 fb | stOswd | 1510193 || otOswo | 800448

B s s s s s s o s o

Table B.4: Alpgen W+ heavy quark dataset names, processes, cross sections, and number
of events generated. Note that the cross-sections listed include a K-factor of 1.4.
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low L low L high £ | high £
Process o Dataset | Neyents || Dataset | Nepents
Z(ee) + bb + Op [75 - 105) 511 fb | zt0sb0 btOszd | 1544133
Z(ee) +bb+ 1p [75 : 105] 134 tb | ztOsbl | 536159 || btOsze | 192056
Z(ee) + bb+ > 2p [75 : 105] 38.5 fb | zt0sb2 | 525955 btOszf | 192119
Z(pyt) + bb + Op [75 : 105] 511 fh | zt0sh5 | 529635 | btOszg | 109368
Z(pp) +0b+ 1p [75 : 105] 134 fb | ztOsb6 | 530793 || btOszh | 87944
Z(pp) +bb+ > 2p [75:105] | 38.5fb | 2t0sb7 | 525695 | btOszi | 192119
Z(r7) + bb+ > Op [75 : 105] 625 th | 2t0sc0 | 536159 | btOszj | 608337
Z(ee) 4+ cc+ 0p [75 : 105] 511 fb | zt0scO | 1544133 | btOszk | 284167
Z(ee) + cc+ 1p [75 : 105] 134 fb | ztOscl | 690239 || btOszl | 288167
Z(ee) + cc+ > 2p [75 : 105] 38.5fb | ztOsc2 | 663518 || btOszm | 288167
Z(pp) + cc+ 0p [75 : 105 511 fb | zt0sc5 | 671375 | btOszn | 288167
Z(pp) + cc+ 1p [75 : 105] 134 tb | zt0sc6 | 663431 | btOszo | 288167
Z(pup) + cc+ > 2p [75 : 105] 38.5 fb | zt0sc7 | 648338 || btOszp | 288167
Z(17) + cc+ > 0p [75 : 105] 625 fb | ztOsct | 2056891 | btOszq | 800448
DY (ee) + bb + 0p [20 : 75] 293 tb | xtOsb0 | 529488 - -
DY (ee) + bb + 1p [20 : 75] 58.5 fb | xtOsbl | 534522 . .
DY(ee) Fbbt>2p[20:75] | 15.9fb | xt0sh2 | 520502 . .
DY (ppt) + bb + Op [20 = 75] 203 fh | xt0Osb5 | 529304 . :
DY (upt) + bb + 1p [20 = 75] 58.5 fb | xtOsb6 | 367279 . :
DY (ppe) 4+ bb+ > 2p [20 : 75] 15.8 fb | xtOsb7 | 528903 - -
DY (r7) +bb+ > 0p [20:75] | 313 fb | xtOsbt | 1510091 . .
DY (ee) 4+ bb + 0p [105 : 600] 14.4 fb | ytOsOb | 513872 - -
DY (ee) +bb+ 1p [105: 600] | 4.2 fb | ytOslb | 520304 . :
DY (ee) + bb+ > 2p [105: 600] | 1.2 fb | yt0s2b | 523926 . .
DY (ppt) + bb + 0p [105: 600] | 14.4 fb | yt0s5b | 534522 ; -
DY () 4+ bb + 1p [105 : 600] 4.2 fb | yt0s6b | 529385 - -
DY (ppt) + bb+ > 2p [105: 600] | 1.2 fb | yt0s7h | 520458 . -
DY (r7) + bb+ > Op [105: 600] | 18.1 fb | ytOstb | 1515347 | - :

Table B.5: Alpgen Drell-Yan + heavy quark dataset names, processes, cross sections, and
number of events generated. The mass range in the process name refers to the generated
mass range of the dilepton pair. Note that the cross-sections listed do not include a K-factor.

Dataset Process o Nevents
tt0s75 tt 7.0 pb | 4730477
itOsww | Diboson (WW) | 12.4 pb | 2291309
itOswz | Diboson (WZ) | 3.65 pb | 2328823
it0szz Diboson (ZZ) | 3.8 pb | 2319470

Table B.6: Pythia dataset names, processes, cross sections, and number of events generated.
The cross-sections listed include a K-factor of 1.4.

68



APPENDIX C
SOFT ELECTRON LIKELIHOOD VARIABLES

Seven discriminating variables are used in the soft electron likelihood calculation: %,

Egn /P, gng, Ecpr, Ecgs/p, AXcgs, and AZogg. Each of these variables is described

below.

% is the energy that a particle loses as it moves through the tracking chamber. This
is both lower and more momentum-dependent for non-electrons than for electrons, and is
therefore most useful as a discriminant for low-momentum tracks. Therefore, the likelihood
function depends on p. If % wasn’t calculated for the track, either because there weren’t
enough COT hits or because Ccll—g was turned off in that run, this portion of the likelihood is
set to 1. A comparison between electrons and non-electrons is shown in Figure C.1.

To measure the electromagnetic and hadronic energies, the calorimeter responses are
summed in a narrow, two-tower area of the detector. The first tower is the one to which the
track extrapolates, and the the second is one tower to the East or West, depending on which
one the track’s CES shower is nearer to. Electrons tend to leave most of their energy in the
CEM, and therefore have Eg,s/p near 1 and very low Ep,q4/Egy- However, nearby tracks
(for non-isolated electron tracks) will increase Fgjs/p significantly, and so that distribution
is corrected for the track isolation. Comparisons between electrons and non-electrons in
these variables are in Figure C.2.

Ecpp is the energy deposited by the electron candidate in the CPR. This energy is
measured using the 1+2+4 pad algorithm, which sums the energy from a single pad if the
track extrapolates to the center of a pad, from two adjacent pads if the track extrapolates
to near the boundary of two CPR pads, or from four pads if it extrapolates to near a corner.

The Eqpp distribution depends on the momentum of the track, as higher-momentum
electrons will tend to deposit more energy in the CPR. However, non-electron background

tracks are usually minimum ionizing particles, and will therefore leave only a small signature

in the CPR regardless of their momenta. To account for the fact that particles traveling at
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Figure C.2: A comparison of the calorimeter energy distributions (g%g on the left % on

the right) between electrons and non-electrons.
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Figure C.3: A comparison of Exgg/p on the left and E-pp on the right for electrons and
non-electrons.

different angles have a different path length in the CPR, the energy is multiplied by a factor
of sin(6).

Ecpg is the energy of the nearest cluster in the CES to the point to which the track
extrapolates. The standard CES measurement technique finds the nearest strip cluster in
the x coordinate and the nearest wire cluster in the z coordinate separately. However, this
analysis uses the 2D CES algorithm[40], which uses a more precise calibration to match the
energies of strip and wire clusters and thereby locates the showers in two dimensions.

The Ecgg distribution tends to be proportional to the track momentum, like the Egps
distribution. However, the CES has better spatial resolution than the CEM, particularly
when using the 2D CES shower algorithm. Therefore, Eopg is a more useful discriminant
for non-isolated tracks. A comparison of Eopg and Eqopp for electrons and non-electrons
is shown in Figure C.3.

AXcops and AZopg are the distances from the point to which the track extrapolates
to the nearest cluster in the CES. The distributions for thees track-CES matching variables,
depend on both momentum and angle. For electrons, the distributions are wider at lower
momentum and at higher |n|. For non-electrons, the distributions are always very wide
since hadrons don’t shower well in the electromagnetic calorimeter. A comparison of the

track-CES matching variables between electrons and non-electrons is shown in Figure C.4.
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Figure C.4: A comparison of CES AX and AZ for electrons and non-electrons.
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APPENDIX D
SUMMARY OF MULTI-LEPTON EVENTS

Each of the following tables is a summary of one of the multiple-lepton events found in
the data. Any event that contains a W or Z boson and at least 3 additional muons is listed
here. Also listed is any event that contains a W or Z boson plus at least 5 leptons if at least
one of the additional leptons is a muon. These requirements are asymmetric in electrons and

muons due to the conversion background swamping out parts of the multi-electron region.

Identified Object | pp i )
Tight 1~ 32.26 | 0.21 | 1.94
Tight p™ 20.28 | -0.14 | 4.52
Soft pu1~ 10.28 | -0.32 | 5.07
Soft 1+ 5.56 | -0.29 | 5.11
Er 56.63 1.02
Hrp 183.14

Table D.1: Summary of run 211441, event 7455273. This event passed the CMUP-triggered
W boson selection.
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Identified Object | pp i )
Tight e~ 99.53 | -0.67 | 5.64
Soft pu™ 7.71 | 0.26 | 1.96
Soft e 7.68 | 0.26 | 1.96
Soft i+ 7.21 | 0.25 | 1.99
Soft e 5.57 | -0.34 | 3.96
Soft e~ 4.35 |-0.29 | 4.20
Er 52.35 2.50
Hyp 252.44

Table D.2: Summary of run 222885, event 4745161. This event passed the TCE-triggered
W boson selection.

Identified Object | pr n 10)
Tight p™ 41.75 | -0.73 | 4.59
Soft pu™ 18.50 | 0.33 | 1.63
Soft p1~ 17.47 | 0.07 | 1.20
Soft p1~ 6.63 | 0.22 | 1.50
Fr 41.27 1.46
Hrp 83.53

Table D.3: Summary of run 228735, event 17076. This event passed the CMX-triggered W
boson selection.

Identified Object | pr n o)
Tight e~ 61.73 | -0.78 | 5.89
Soft et 17.45 | 0.40 | 1.36
Soft eT 15.08 | -0.06 | 4.38
Soft i+ 5.59 | 0.40 | 1.36
Soft eT 6.82 | 0.44 | 1.39
Soft eT 6.64 |-0.09 | 4.34
KBt 89.60 1.66
Hyp 533.87

Table D.4: Summary of run 231693, event 2501991. This event passed the TCE-triggered
W boson selection.

74



Identified Object | pp i )
Tight p~ 31.22 | 0.79 | 3.28
Soft p~ 5.33 | -0.23 | 4.98
Soft e~ 3.74 0.16 | 2.74
Soft eT 3.55 | 0.18 | 2.68
Soft et 2.74 |-0.31] 4.88
Soft eT 2.53 | -0.38 | 1.66
Fr 55.65 0.69
Hyp 334.30

Table D.5: Summary of run 273941, event 2792032. This event passed the CMX-triggered
W boson selection.

Identified Object pr n )
Tight e 21.44 |-0.67 | 4.12
Soft p1~ 19.18 | 0.36 | 1.54
Soft eT 16.06 | 0.66 | 4.33
Soft pu1~ 14.64 | -0.33 | 3.12
Soft p1~ 7.33 | 0.35 | 1.61
Soft eT 292 | 0.26 | 1.51
Er 136.51 1.65
Hrp 463.55

Table D.6: Summary of run 275385, event 9123310. This event passed the TCE-triggered
W boson selection.
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